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Introduction 7 the community (26). Despite these potential caveats, CTC staining remains a popular 138 method for analyses of microbial activity in a broad range of environmental samples (7, 139 15, 24) . 140 Although the 16S ratio method and the CTC staining method are both commonly 141 used in investigations of microbial activity, little comparative work has been done to 142 assess the level of agreement between the two methods. One of the few studies to use 143 both methods to assess microbial activity found that the active portion of the community 144 was between 1.5-and 5-fold higher when using 16S ratios versus CTC staining in 145 microcosms of estuarine water samples (15). One potential reason for the disagreement 146 between the 16S ratio method and the CTC staining method is not only that the two 147 methods present different biases as described above, but that they measure two 148 different things: the 16S ratio method is used to assess whether a particular taxon is 149 active, while the CTC staining method is used to assess whether a given cell is active. 150 Importantly, there are situations in which we might expect the proportion of active taxa 151 and the proportion of active cells in a community to be very different, such as in 152 communities in which rare taxa are disproportionately active compared to abundant taxa 153 (15, 18, 27) . Therefore, although the two methods may not always produce similar 154 estimates of microbial activity-dormancy dynamics, both inform on fundamental aspects 155 of microbial communities. Additional studies directly comparing 16S ratio and CTC 156 staining is needed in order to better understand the level of agreement, and the communities using 16S ratios and CTC-based cell staining. We conducted two separate 161 experiments analyzing microbial activity in plant rhizosphere soil. Given that the 162 rhizosphere is a highly dynamic microbial system in which plants can influence both 163 microbial community structure and function (28, 29) , we considered rhizosphere soil to 164 be particularly relevant for analyses of microbial activity and foundationally important for 165 understanding plant-microbe-soil feedbacks. First, we conducted a laboratory 166 microcosm experiment using soil collected from the rhizosphere of corn, and treated the 167 soil with several plant phytohormones to assess the impacts of common plant stress 168 signals on soil microbial activity. Second, we grew bean plants under either drought or 169 nutrient-enriched conditions to more directly assess the impacts of plant stress on soil 170 microbial activity. Specifically, we asked the following questions: 1) for 16S ratio-based 171 studies, what is the extent of phantom taxa, and how does the handling of these taxa 
Results and Discussion

180
We conducted two separate experiments in rhizosphere soils under a variety of 181 treatment conditions in order to explore the generality of our findings. In the first 182 experiment, we collected soil from a long-term agricultural research field in which corn 183 9 (Zea mays L.) had been planted for eight consecutive years. In the laboratory, we 184 exposed the soil to several pre-treatments: 'pre-dry' (soil was sampled before any 185 treatments were initiated), 'post-dry' (soil was dried for three days and then sampled), 186 and 'post-water' (soil was partially re-wetted, allowed to acclimate for six days, and then 187 sampled). Next, soil replicates were treated with either abscisic acid (ABA), indole-3-188 acetic acid (IAA), jasmonic acid (JA), or salicylic acid (SA), or water as a control, and 189 sampled after 24 hours. Thus, the corn experiment was designed to assess the impacts 190 of several different abiotic/biotic stresses on rhizosphere soil, including soil drying and 191 re-wetting, as well as the application of common plant stress phytohormones, which can 192 be exuded by plant roots under a variety of stress conditions (30). In the second 193 experiment, we grew common bean (Phaseolus vulgaris L. cv. Red Hawk) in agricultural 194 field soil in a controlled-environment growth chamber. Replicate plants were exposed to 195 either drought (water-withholding) or nutrient enrichment (additional fertilizer) treatments 196 compared to control plants, then rhizosphere soils were sampled after five weeks of 197 plant growth. Thus, this experiment was designed to more directly assess the impacts of 198 plant stress on analyses of soil microbial activity in the rhizosphere. Overall, we 199 anticipated that the differential treatment conditions within and across the corn and bean 200 soil experiments, as well as the presence of actively growing plants continuously 201 providing labile carbon to the soil microbial communities in the bean but not the corn soil 202 study, would inform on the broad applicability of the 16S and CTC staining methods for 203 assessing microbial activity in diverse study systems. A prerequisite for assessing microbial activity from 16S ratios is determining how 207 to handle 'phantom taxa': OTUs that are detected in the RNA community but not in the 208 DNA community of a given sample (18). Such taxa produce undefined 16S RNA:DNA 209 ratios due to a denominator of zero, eliminating those taxa from the dataset. Therefore, 210 we assessed the prevalence of phantom taxa (taxa with RNA reads > 0 and DNA reads 211 = 0 in a given sample) in both the corn and bean rhizosphere soil datasets. We also 212 assessed the prevalence of 'singleton' phantom taxa (taxa with RNA reads = 1 and DNA 213 reads = 0 in a given sample), given that such taxa are particularly ambiguous in terms of 214 activity. We repeated these analyses across a range of sequencing depths per sample, 215 given that a recent study reported that sampling stochasticity was a key factor driving 216 the occurrence of phantom taxa (18). Across a range of subsampling levels (using a 217 step-size of 5000 reads per sample), we found that phantom taxa comprised between 218 5% and 60% of the total OTUs across both the corn and the bean rhizosphere soil 219 datasets ( Fig. 1A and B , Fig. S1A and B). Similarly, 'singleton' phantom taxa were fairly 220 common (1-35% and 2-25% of the total OTUs in the corn and bean soil datasets, 221 respectively) ( Fig. 1C and D, Fig. S1C and D). The reader should note that the sample 222 size for each treatment generally decreased as sequencing depth increased because 223 samples are excluded when their total read count is less than a given sequencing depth 224 (Fig. S2 ). The relatively high prevalence of phantom taxa is in agreement with a recent 225 study of atmospheric samples (18), and suggests that rare taxa are relatively more 226 active than abundant taxa, resulting in their presence in RNA but not DNA sequences.
227
This conclusion is supported by the relatively small influence of increasing sequencing 228 depth on the occurrence of phantom taxa (i.e. increased sequencing only minimally 229 increases the detection of extremely rare taxa).
231
Distinct methods for handling phantom taxa lead to similar ecological patterns of 232 microbial activity 233 Given the prevalence and persistence (i.e., their occurrence regardless of 234 sampling depth) of phantom taxa in our sequencing datasets, our next aim was to 235 establish how to handle phantom taxa for calculation of 16S ratios. We compared four 236 different methods for calculating 16S ratios in the presence of phantom taxa, which we 237 refer to here as Methods 1, 2, 3, and 4 for simplicity ( Fig. 2) . In both the corn and the 238 bean rhizosphere soil datasets, all four methods for calculating 16S ratios produced 239 similar patterns across treatments ( Fig. 3A and B ). In corn soil, percent activity sharply 240 decreased from the pre-dry to the post-dry treatment, then sharply increased from the 241 post-dry to the post-water treatment (Fig. 3A ). In addition, although increasing the 242 threshold 16S ratio for defining taxa as 'active' generally reduced the magnitude of 243 treatment effects on microbial activity, the large impact of the post-water treatment on 244 microbial activity was apparent even at a threshold ratio of five. Similar analyses of ratio 245 thresholds have been performed in in other studies (7, 8) , which collectively suggest 246 that even conservative ratio thresholds provide robust ecological patterns. On the other 247 hand, although percent activity in the bean experiment was generally higher in the 248 control than in the drought or nutrient treatments across Methods 1-4, the magnitude of 249 this difference decreased as threshold 16S ratio increased ( Fig. 3B ). Differences among 250 treatments disappeared when compared at a threshold 16S ratio of five, indicating a 251 12 relatively narrow window for capturing differences in microbial activity in the bean 252 experiment. Nevertheless, a recent review suggests that most studies use a threshold 253 16S ratio between 0.5-2 to determine active taxa (6), indicating that a threshold of five 254 may simply provide an overly-conservative view of activity in microbial communities.
256
Diverse microbial taxa exhibit similar 16S RNA:DNA distributions 257 One consideration of using 16S ratios for activity estimations is that different taxa 258 may have different thresholds of 16S ratios to qualify as 'active' (13). Choosing an 259 arbitrary threshold 16S ratio for distinguishing 'active' from 'inactive' taxa therefore may 260 be biased against taxa that have naturally low 16S ratios yet are truly active (and vice 261 versa). To explore this possibility, we plotted the distributions of 16S ratios of the most 262 abundant phyla, and pooled all less abundant phyla, in the corn and bean soil datasets. 263 We found that in both soil types, all phyla exhibited a log-normal distribution of 16S 264 ratios that were centered around a value of 1 ( Fig. 4A and B ). The finding that all phyla 265 exhibited a similar distribution of 16s ratios suggests that altering the threshold 16S ratio 266 for activity does not particularly impact specific taxa, at least at the phylum level.
267
Therefore, our results support the use of a single threshold for 16S ratio activity 268 analyses, even in diverse microbial communities.
269
An additional potential issue with using 16S ratios to estimate the proportion of 270 active taxa community is the variability in copy numbers of the 16S rRNA operon across 271 genomes of different taxa. 16S rRNA operon copy numbers can affect patterns of beta 272 diversity in community structure (32) and can vary substantially between lineages (31).
273
For example, lineages with many 16S operons (e.g. Firmicutes) may have lower 16S 274 13 ratios because their abundance is overestimated by redundant OTUs in 16S rDNA data.
275
To address this, we examined the relationship between the 16S ratio and the average Our final aim was to assess the level of agreement between two of the most 289 common methods used for determination of microbial activity: the 16S ratio method and 290 the CTC staining method. Across all treatments and between both methods, estimates 291 of percent activity (i.e., between 10 and 60% of cells/taxa active) are similar to values 292 reported in the literature for soil, as recently synthesized by (7). Though the two 293 methods did not always agree in the level of percent activity detected, their overarching 294 patterns across treatments were consistent with one exception.
295
In corn rhizosphere soil, the CTC staining method consistently resulted in higher 296 estimates of proportional activity compared to the 16S ratio method. Using the CTC 297 staining method, between 50-60% of the community was active for most treatments (all 298 except the 'post-dry' treatment; Fig. 6A ), while the 16S ratio method produced estimates 299 in the range of 20-30% ( Fig. 6C ). Using both methods, percent activity sharply declined 300 from the 'pre-dry' to the 'post-dry' treatment, and sharply increased in response to the 301 'post-water' treatment. This increase in response to watering was especially 302 pronounced using the 16S ratio method, in which percent activity rebounded to a level 303 which exceeded that of the pre-dried soil (Fig. 6C ). After the 'post-water' treatment, 304 percent activity increased in response to ABA, IAA, JA, and SA application using the 305 CTC staining method, but did not change in response to the 'control' treatment (i.e., 306 water alone) ( Fig. 6A ). In contrast, after the 'post-water' treatment, percent activity 307 decreased in response to all four phytohormones, as well as in response to water-alone 308 controls, using the 16S ratio method (Fig. 6C ). In bean rhizosphere soil, the CTC 309 staining method and the 16S ratio method produced more similar estimates of percent 310 activity than for corn soil, and both methods produced identical patterns of percent 311 activity across treatments ( Fig. 6B and D) Using both methods, the drought and the 312 nutrient addition treatments exhibited significantly lower percent activity compared to the 313 control treatment, although the magnitude of this difference was lower using the 16S 314 ratio method.
315
The extent of agreement between the 16S ratio method and the CTC staining 316 method across the corn and bean soil experiments may be related to the duration of the 317 experimental treatments in the two studies. In the corn soil experiment, the drying and 318 re-wetting treatments lasts three and six days, respectively, while the phytohormone 319 treatments lasted only 24 hours, and in the bean soil experiment, treatments were 320 15 continuously applied for the approximately five weeks of the experiment. Given that 321 differential transcription of RNA can occur within 30 seconds after an environmental 322 stimulus (33) but cell doubling takes considerably longer (~10 minutes for only the very 323 fastest-growing strains under optimal laboratory conditions (34), and many hours for 324 others especially in natural environmental conditions (35 and references therein)), the 325 16S ratio method may be more sensitive in short time-frames than the CTC staining 326 method. This may explain why the relatively short (24-hour) phytohormone treatments in 327 corn soil resulted in relatively large decreases in percent activity using 16S ratios 328 (average difference of 17.8% activity compared to 'post-water'), but much smaller (albeit 329 significant) increases in percent activity using CTC staining (average difference of 5.1% 330 activity compared to 'post-water') ( Fig. 6A and C) . CTC staining, on the other hand, may 331 perhaps give greater resolution in longer time-frames than 16S ratios. For example, the 332 CTC staining method detected larger shifts in percent activity than the 16S ratio method 333 in response to the three-day drying (46.1% decrease versus 9.1% decrease, 334 respectively) and six-day re-wetting treatments (43.8% increase versus 27.1% increase, 335 respectively) in corn rhizosphere soil ( Fig. 6A and C) , and in response to the five-week 336 drought (23.1% decrease versus 6.3% decrease, respectively) and nutrient addition 337 treatments (27.6% decrease versus 5.3% decrease, respectively) in bean soil ( Fig. 6B It is worth noting that the cell staining protocol used in our study (staining with 343 both CTC and Syto24) allows for investigation of how both active and total cell counts 344 varied across treatments and potentially influenced estimates of percent activity. In corn 345 rhizosphere soil, both CTC counts (i.e., the number of active cells) and Syto24 counts 346 (i.e., the total number of cells regardless of activity) sharply declined from the 'pre-dry' 347 to the 'post-dry' treatment, and sharply increased in response to the 'post-water' 348 treatment ( Fig. S3A and C) . After the 'post-water' treatment, both active and total cell 349 counts decreased in response to ABA, IAA, JA, and SA application, as well as in 350 response to the 'control' treatment (i.e., water alone). However, total cell counts were 351 also significantly lower in the phytohormone treatments compared to the controls. This
352
indicates that the increase in percent activity in response to phytohormones as revealed 353 by cell activity staining (Fig. 6A ) is due to a decrease in total cell counts coupled with an 354 unchanging number of active cells. This may suggest potential toxicity of specific taxa in 355 response to phytohormone application; either through direct phytohormone effects or 356 indirect effects on soil pH. This is supported by the reduction in percent active OTUs in 357 response to phytohormone application detected by the 16S method (Fig. 6C) . In 358 contrast, in bean rhizosphere soil, the decrease in percent activity reported by CTC 359 staining due to drought and additional nutrients was due to a decrease in the number of 360 active cells, as total cell counts were constant across treatments ( Fig. S3B and D) . This 361 suggests an increase in microbial dormancy in response to water-limitation and ionic 362 stress, potentially as a strategy to remain viable during sub-optimal environmental 363 conditions. 364 365 366 An important consideration of the present work is that both the 16S ratio method 367 and the CTC staining method have distinct biases that can influence percent activity 368 estimates. A number of issues have been highlighted for analysis of bacterial activity 369 with 16S ratios (13, 17, 36, 37) , including the presence of dead cells and extracellular 370 DNA, variations in the threshold ratio for bacterial activity, variations in sequencing 371 depth, and molecular methodology (PCR biases). Although CTC staining avoids many 372 assumptions of the 16S ratio method, it presents its own unique biases. For example,
Considerations of the 16S ratio and CTC staining methods
373
CTC staining in the present study excluded obligate anaerobes, potentially 374 underestimating percent activity. In addition, CTC staining assumes that all (or at least a 375 representative subsample) of the cells are extracted from the soil matrix, an assumption 376 which may or may not be true, as reported for other studies performing cell counts from 377 soil samples (21, 22) . Finally, because CTC staining requires that the cells are extracted 378 from the soil matrix prior to conducting the assay, it may introduce artefacts during the 379 cell extraction process (i.e., cell death). Nevertheless, the finding of robust ecological 380 patterns across long-term (≥ 3 days) treatments for the two methods, despite the 381 different biases of each method, supports the conclusion that either method can provide 382 a comparative assessment of community activity. to allow determination of extracellular DNA or dead cell abundance, we note that the 391 rhizosphere is generally assumed to be an area of high metabolic activity. Thus, we 392 might expect relic nucleic acids or dead cells to turn over relatively quickly, limiting their 393 confounding effects in the present study. Our data support the rapid turnover of dead 394 cells, given that the phytohormone treatments in the corn soil experiment, which lasted 395 only 24 hours, led to significant and substantial decreases in total cell counts ( Fig. S3C) .
396
It should also be noted that, in the corn soil experiment, soils were frozen prior to 397 activity analyses, potentially increasing the number of dead cells and artificially reducing 398 percent activity. We suggest this impact was minimal, given that percent activity 399 estimates in the present study are relatively high compared to previous estimates in soil 400 (7). Nevertheless, we suggest that combining our 16S ratio and CTC/Syto24 approach 401 with a stain specific to extracellular DNA and dead/dying cells, such as propidium 402 monoazide, would clarify the impact of these nucleic acid pools in assessments of 403 microbial activity (41).
404
Finally, our study was conducted in rhizosphere soil, a very distinct environment Overall, our results provide insight into the estimation of microbial activity using 412 two of the most commonly reported methods: 16S ratios and CTC staining. Although we 413 found a high prevalence of phantom taxa in our sequencing datasets, patterns in 414 percent activity across treatments were largely unaffected by the method used to 415 account for these taxa. We also examined the potential for phylum-specific biases in 416 16S ratios, and found that 16S ratio distributions were highly similar across microbial 417 phyla and were only weakly correlated with ribosomal operon number, suggesting that 
Materials and Methods
428
We conducted two separate experiments ('corn rhizosphere soil' and 'bean 429 rhizosphere soil'), with varying stress treatments in each experiment. For clarity, we first 430 present the methods specific to each experiment, and then present the methods shared Cytometry Core, we gated measurements by side scatter values <500 which removed 520 particles <1 µm from our measurements. 521 We calculated the percentage of active cells by dividing CTC counts by Syto24 522 counts. For each sample in the corn soil experiment, we used a single 10 g sample of 523 rhizosphere soil for microbial cell extraction that was then split into two technical 524 replicates for staining: these two replicates per sample were averaged prior to 525 24 subsequent analyses to avoid pseudoreplication. For each plant in the bean experiment, 526 we used two replicate 5 g soil samples to give two technical replicate microbial cell 527 extractions. Each of these was then split into three technical replicates for staining.
528
These six replicates per plant were averaged prior to subsequent analyses to avoid 529 pseudoreplication. (50)). Aligned sequences were 556 used to build a phylogeny using FastTree (version 2.1.7 (51, 52)). The resulting tree 557 was imported into R (version 3.3.2 (53)) using 'ape' (version 3.0.11 (54)) and was 558 rooted at the midpoint using 'phangorn' (version 2.4.0 (55)). All subsequent analyses 559 were performed in R (version 3.5.0), with ecological statistics performed using phyloseq 560 (version 1.24.0 (56)). Data were visualized using a combination of the R packages 561 ggplot2 (version 2.2.1; (57)), reshape2 (version 1.4.3; (58)), and gridExtra (version 2.3; 562 (59)), and dplyr (version 0.7.5; (60)) was used for data summaries.
563
First, we examined the prevalence of 'phantom taxa' (i.e. OTUs with detectable 564 RNA reads but no detectable DNA reads; (18)) in the corn and bean rhizosphere 565 datasets. We calculated the average percent of OTUs that are phantom taxa in each 566 treatment, as well as the average percent of OTUs with a single RNA read and no 567 detectable DNA reads in each treatment. We conducted these analyses across a range 
575
Given the prevalence and persistence (i.e., their high collective contributions 576 regardless of sampling effort) of phantom taxa in our sequencing datasets, we next 577 compared four different methods for calculating 16S ratios in the presence of phantom 578 taxa. See Fig. 2 for a detailed illustration of the four methods, which we refer to as 579 Methods 1, 2, 3, and 4 for simplicity. In Method 1, each phantom taxon in each sample 580 is set to a 16S ratio of 100 in order to designate such taxa as 'active' regardless of the 581 threshold 16S ratio activity level chosen, since most studies choose a threshold ratio 582 less than 10 to designate taxa as 'active' (6, 8, 11) . In addition, Method 1 sets each 583 taxon in each sample with no detectable RNA or DNA reads to a value of zero, thereby 584 eliminating undefined 16S ratios which arise due to a denominator of zero. In Method 2, 585 every instance in which zero DNA reads are detected for a given OTU in a given sample 586 is changed to a value of one in order to eliminate zeros in the denominator. In Method 3, 587 previously used by (11), a value of one is added to every OTU in every sample in the 588 DNA dataset. This method is meant to eliminate zeros in the denominator (as with 589 Method 2), but also to treat every entry in the DNA dataset exactly the same. In Method 590 4, previously used by (14), a value of one is added to every OTU in every sample in 591 both the RNA and the DNA datasets. As with Methods 2 and 3, this method is meant to 592 eliminate zeros in the denominator, but also to treat every entry in the entire dataset 593 (both RNA and DNA reads) exactly the same. We compared the resulting percent 594 27 activity of the OTUs after using Methods 1-4 in both the corn and bean rhizosphere 595 datasets, using threshold 16S ratios of 1, 2, and 5 for determination of 'active' versus 596 'inactive' OTUs. Given that Methods 1-4 captured similar patterns in percent activity 597 across treatments, we conducted all subsequent analyses using the recently published 598 Method 3 (11) to calculate 16S ratios.
599
Next, we examined phylum-level differences in the distribution of 16S ratios in 600 both the corn and bean rhizosphere datasets. After calculating 16S ratios, we generated 601 histograms of the number of times a given 16S ratio occurred in each dataset (i.e.
602
including every OTU in every sample assigned to a given phylum). We also examined 603 the relationship between the average number of 16S ribosomal operons per genome for 604 each phylum, obtained from the Ribosomal RNA Database (version 5.4; (31, 62, 63)), 605 and the observed 16S ratios in the present study.
606
Finally, we compared estimates and across-treatment patterns of microbial 607 activity using the 16S ratio (threshold > 1) method to calculate the percentage of active 608 taxa, versus using the cell staining method (CTC counts divided by Syto24 counts) to 609 calculate the percentage of active cells. We also examined both active (CTC) and total 610 (Syto24) counts across treatments in order to explore the influence these two values 611 have on the percentage of active cells as calculated by the CTC/Syto24 ratio.
612
Differences among treatments were assessed using ANOVA followed by a Tukey post-613 hoc test for multiple comparisons. All bioinformatic workflows and custom scripts are 
